Recent results from the Pierre Auger Collaboration have shown that the composition of ultrahighenergy cosmic rays (UHECRs) becomes gradually heavier with increasing energy. Although gammaray bursts (GRBs) have been promising sources of UHECRs, it is still unclear whether they can account for the Auger results because of their unknown nuclear composition of ejected UHECRs. In this work, we revisit the possibility that low-luminosity GRBs (LL GRBs) act as the sources of UHECR nuclei, and give new predictions based on the intrajet nuclear composition models considering progenitor dependencies. We find that the nuclear component in the jet can be divided into two groups according to the mass fraction of silicon nuclei, Si-free and Si-rich. Motivated by the connection between LL GRBs and transrelativistic supernovae, we also consider the hypernova ejecta composition. Then, we discuss the survivability of UHECR nuclei in the jet base and internal shocks of the jets, and show that it is easier for nuclei to survive for typical LL GRBs. Finally, we numerically propagate UHECR nuclei ejected from LL GRBs with different composition models and compare the resulting spectra and composition to Auger data. Our results show that both the Sirich progenitor and hypernova ejecta models match the Auger data well, while the Si-free progenitor models have more difficulty in fitting the spectrum. We argue that our model is consistent with the newly reported cross correlation between the UHECRs and starburst galaxies, since both LL GRBs and hypernovae are expected to be tracers of the star-formation activity. LL GRBs have also been suggested as the dominant origin of IceCube neutrinos in the PeV range, and the LL GRB origin of UHECRs can be critically tested by near-future multimessenger observations.
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I. INTRODUCTION
The origin of ultrahigh-energy cosmic rays (UHECRs) is a long standing unresolved problem in astroparticle physics [1] [2] [3] [4] . It has been widely believed that these particles have an extragalactic origin. This argument is supported by the observed flux suppression at the highest energy which is consistent with the prediction of GreisenZatsepin-Kuzmin (GZK) cutoff [5, 6] and the observed large-scale anisotropy described by a dipole with cosmic rays have energy above 8 × 10
18 eV [7] . The composition of UHECRs is the key to identifying the sources of these rare particles. The primary mass of UHECRs can be inferred from the depth of shower maximum, X max [8, 9] . Recent data sets from fluorescence telescopes and water-Cherenkov detectors of the Auger observatory have shown that the primary mass of UHECRs is dominated by light composition at energy of around 2 × 10 18 eV, and then becomes gradually heavier with increasing energy up to 4 × 10 19 eV, and may stop increasing beyond this energy [10] . The interpretation of the UHECR composition is controversial, and the Telescope Array (TA) collaboration has claimed that their data prefer light composition dominated scenario [11, 12] . It has been shown that the X max data from the TA and Auger are in good agreement within systematic and statistical uncertainties [13, 14] . It is reasonable to assume that UHECRs are dominated by heavy nuclei considering the larger detection area and lower sampling bias of Auger, which have been supported independently by the non-observation of cosmogenic neutrinos [15, 16] .
There are three main implications about the sources if UHECRs are dominated by heavy nuclei. First, the source material should be rich in heavy nuclei. According to the standard stellar evolution model, compact stars (white dwarfs and the atmosphere of neutron stars) or the inner cores of massive stars are mainly composed of heavy nuclei. Such objects are related to a number of wellmotivated "intermediate or heavy composition" sources, such as gamma-ray bursts [17] [18] [19] [20] [21] [22] , transrelativistic supernovae or engine-driven supernovae [17, [23] [24] [25] , newborn pulsars [26] [27] [28] , and tidal disruption events [29] [30] [31] [32] . Heavy nuclei are abundant in Galactic TeV-PeV cosmic rays, and re-acceleration of them in radio galaxies are proposed as an alternative possibility [33, 34] . Second, the sources environment should allow nuclei to survive (e.g., [17, 18, 35] ). This requirement limits the ability of luminous objects to act as the sources of UHECR nuclei since most of them may be destroyed due to the interaction with background photons or protons. Finally, there should be enough sources located in the very nearby region within ∼ 10−100 Mpc around our Galaxy, otherwise many of the UHECR nuclei would be photodisintegrated into free nucleons before reaching Earth.
GRBs are the brightest and probably the most powerful high energy astrophysical phenomenon in the universe [36] [37] [38] . It seems that nearly all the GRBs are accompanied by energetic broadline Type Ic supernovae (or hypernovae for objects with a kinetic energy of 10 52 erg) [37] . The GRB-SN connection reveals the fact that both of them are related to the deaths of massive stars. The observed GRBs can be divided into two groups: high-luminosity GRBs (HL GRBs) which have typical isotropic radiation luminosity in the range from 10 51 erg s −1 to 10 53 erg s −1 and low-luminosity GRBs (LL GRBs) with luminosity less than ∼ 10 49 erg s −1 [39] [40] [41] . It is usually believed that LL GRBs share similar characteristics with the classical HL GRBs except that their relativistic outflows have lower Lorentz factors (that could be caused by nearly choked jets or large baryon contamination). The conventional HL GRBs have been suggested as the sources of UHECRs considering that the charged particles (mainly proton dominated) can be accelerated to ultrahigh energies ∼ 10 20 eV and satisfy the required energy budget of UHECRs [42, 43] . Murase et al. [17, 44] first proposed that LL GRBs can be the sources of UHECRs and they are preferred to be the sources of UHECR nuclei compared to HL GRBs. The advantages for LL GRBs are that they are likely to have a much higher event rate in the local universe [39, 41, 45] and heavy nuclei much easily survive inside the sources due to their lower radiation luminosity [17, 19] .
However, the previous works that investigated the contribution from LL GRBs did not attempt to fit the UHECR spectrum and composition, so it is still unclear whether UHECR nuclei originating from LL GRBs can quantitatively account for both the spectrum and composition of UHECRs measured by Auger. One of the uncertainties comes from the unknown mass fraction of UHECR nuclei ejected from LL GRBs. It has been shown that the jets of LL GRBs can readily contain a significant fraction of nuclei [19, 46] . In this work, we aim to give new predictions based on nuclear composition models inside the jet, considering progenitor dependencies, and examine whether they are compatible with Auger results.
In the multi-messenger astronomy era, both the neutrinos and photons are helpful for identifying the sources of UHECRs [4, 47] . High-energy astrophysical neutrinos in the TeV-PeV energy range have been detected by IceCube [48] [49] [50] [51] . The stacking analysis has challenged the possibility that conventional HL GRBs make a significant contribution to the diffuse neutrino flux observed by IceCube [52, 53] . However, LL GRBs, which are dim but numerous than the conventional HL GRBs, remain viable to be the dominant sources of IceCube neutrinos [54] . Indeed, one of the predictions in Ref. [44] is consistent with the IceCube data above ∼ 0.1 PeV [54] , and their choked jet population can significantly contribute to the diffuse neutrino flux even in the 10 − 100 TeV range [55, 56] . This paper is organized as follows. In Section II, we estimate the nuclear mass fraction in the jet of LL GRBs. In Section III, we briefly discuss the acceleration and survival of UHECR nuclei in GRBs, and consider the escape process to get the injection spectrum of UHECR nuclei. In Section IV, we numerically propagate UHECR nuclei ejected from LL GRBs using publicly available Monte Carlo code CRPropa 3 [57] and compare our results to the Auger data. In Section V, we discuss the implications of the LL GRBs models to IceCube neutrinos. Finally, we give the conclusion and discussion in Section VI.
Throughout of the paper, we adopt the cgs unit, and have notations Q x ≡ Q/10
x . The cosmological parameters we use are H 0 = 67.3 km s −1 Mpc −1 , Ω m = 0.315, Ω Λ = 0.685 [58] .
II. INTRAJET NUCLEAR COMPOSITION
It is widely accepted that the heavy nuclei up to iron are synthesized in the inner core of massive stars [59] . The long GRBs can be explained in the collapsar scenario [60, 61] , where the inner iron core eventually collapses into a black hole and the surrounding stellar material initiates fall back until it can be supported by the centrifugal force. A relativistic outflow along the polar direction can be driven after the formation of an accretion disk around the central compact remnant (either a black hole or magnetar), and it breaks out from the stellar surface to appear as an GRB. However, it is still unclear how to convert a fraction of the gravitational or rotational energy into the relativistic outflow. One of the possible mechanisms is related to the the hyper accretion disk where neutrino annihilation can deposit enormous energy in the vicinity of the remnant [61] [62] [63] [64] [65] [66] . An alternative scenario involves MHD processes involving the amplification of pre-existing magnetic fields. In this case, for the collapsar scenario, the energy of the relativistic outflow can be extracted from the surface of the accretion disk [67] or from the rotating black hole via the Blandford-Znajek mechanism [68] . Note that the central engine may not necessarily be a black hole but could alternatively be a fast rotating and strongly magnetized protoneutron star [69] .
In this work, we assume that the initial loading at the jet base is the dominant process for the nuclear composition in the relativistic outflow. It is directly related to the presupernova models, which usually have an "onionskin" structure at the final evolution stage with different layers composed of different nuclei species. The initial loading process can be simplified to the "one-time" injection scenario. In this scenario, the falling stellar nuclei form an accretion disk at first, and then a fraction of them are picked up by the relativistic outflow. The detailed physical processes of the initial loading are related to the unknown diffusive processes or the geometry of open magnetic fields [20, 70] . The jet nuclei can also be altered by the entrainment during the jet propagation inside the progenitors [19] or explosive nucleosynthesis if the entropy is lower [20] .
A. GRB progenitors
The association of long GRBs with Type Ic-BL SN reveals the fact that GRBs are the outcome of the deaths of massive stars. Wolf-Rayet stars (WRs), which have expelled their hydrogen and/or helium envelop during their evolution from main-sequence stage, are believed to be the progenitors of Type Ic SN. The production of GRBs is also possible if WRs have enough angular momentum in their inner core at the onset of core collapse. However, it seems difficult for the progenitors to maintain enough angular momentum during the evolution even though they rotate very fast initially due to the wind mass loss process or the effect of magnetic torques [71] . One of the possible solutions is to consider the chemically homogeneous evolution (CHE) scenario [71] [72] [73] [74] , where the products of nuclear reaction are completely mixed during the main sequence stage in rapidly rotating stars [75] . Also, stars undergoing CHE process will not go through the red super giants (RSGs) phase and evolves to WRs directly [71] .
In this work, we choose five typical presupernova models calculated by Ref. [71] , which are evolved from stars with different initial mass, metallicity, and rotation speed. The progenitors of GRBs can be bare helium cores as the result of binary interaction or rapidly rotating single stars. We summarize the basic properties of the five presupernova models in Table I .
B. The composition of the accretion disk
The composition of an accretion disk is determined by the falling stellar material. In this work, we adopt a simplified model where the influence from disk wind and accretion shock are ignored [76, 77] . The free fall time scale for a fluid element at radius r can be estimated to be t ff ∼ t s (r) + (r 3 /GM (r)) 1/2 ∼ 2(r 3 /GM (r)) 1/2 where t s (r) is the time for the propagation of information of the core collapse. Considering the angular momentum conservation, only fluid elements whose specific angular momentum is J(r) > J ISCO can form the accretion disk around the black hole, where J ISCO is the specific angular momentum at the inner stable circular orbit (ISCO) r ISCO . The specific angular momentum in the progenitor stars at radius r are estimated as J(r) = r 2 sin 2 θ Ω(r), where θ is the angle to the polar axis. We show the distribution of nuclear mass fraction (upper panel) and specific angular momentum at the onset of core collapse for the five presupernova models (lower panel) in Fig. 1 We also show the distribution of enclosed mass as a function of radius r in a brown line. The Si-F 1 (HE16F) model is evolved from a bare helium core with an initial mass 16M as the outcome of the stellar merger. The final mass at core collapse is 14.80M considering a fraction of 0.03Ṁ of the standard WR mass-loss rate and the Fe core has an angular momentum JFe core = 114 × 10 47 erg s at core collapse after considering the effect of magnetic torques [71] .
adopt the analytic formula of J ISCO given by Ref. [78] ,
where r g = GM BH /c 2 and
with
and For simplicity, we assume that the black hole mass is equal to the enclosed mass within radius r. The spin parameter can be estimated using the formula
, where J (r) is the enclosed angular momentum and M (r) is the enclosed mass. We show the distribution of J ISCO,aBH as blue lines for the five presupernova models in the lower panel of Fig. 1-5 . We also show J ISCO for two extreme cases: a Schwarzschild black hole (a BH = 0, red lines) or an extreme Kerr black hole (a BH = 1, green lines).
We can see that the inner part of progenitor stars does not have enough angular momenta to form an accretion disk. The critical radius r c in the progenitors where the stellar matter begins to form the accretion disk can be estimated under the condition J ISCO,aBH = J (r). Taking presupernova model 16TI in Ref. [71] as an example, a ∼ 3.3M material in the inner core will collapse into a black hole promptly. We find that r c has the typical value ∼ 2 × 10 9 cm with θ = π/2 and the related fall back time initiating from the radius r c is t c ∼ 4.3 s. We assume that the jet nuclear component reflects the composition of the newly formed accretion disk at time t c , and the matter that composes the accretion disk at time t c should come from stellar material at the radius r c . We tabulate the values of the critical radius r c , enclosed mass M c (r c ) and the jet nuclear composition for the five presupernova models in Table I . We classify our nuclear composition models into two groups: Si-free and Si-rich. The Si-free models include Si-F 1 (HE16F) and Si-F 2 (16TI) which have very little fraction of nuclei heavier than oxygen nuclei, while the Si-rich models include Si-R 1(12TJ), Si-R 2 (16TJ) and Si-R 3 (35OC) which have a significant fraction of nuclei heavier than oxygen nuclei, especially the silicon nuclei.
Note that the nuclei in the inner disk region may be photodisintegrated into free nucleons if the temperature and density are high enough [61] . This is the case for the neutrino-dominated accretion flow (NDAF) where neutrino annihilation drives the relativistic outflow, and the disk should be composed of lighter composition dominated by protons once the quasi-statistical equilibrium (QSE) is established with temperature T 4×10 9 K [46] . Thus, in the classical fireball model, it has been shown that the jet composition of HL GRBs is likely to be dominated by protons and neutrons (see Ref. [19] and references therein). However, we can expect the survival of nuclei at the outer regions or at the surface of the accretion disk for LL GRBs or magnetic energy dominated GRBs where the temperature and density can be lower.
C. The fate of nuclei during initial loading
Nuclei will be destroyed due to collisions with target protons or photons which have energy larger than the nuclear binding energy ∼ 10 MeV in the nuclear rest frame. The temperature of the thermal photons at the jet base can be estimated using the formula
c, where T 0 is the temperature, L rad,0 is the jet initial radiation luminosity, Ω 0 is the jet opening angle, r 0 is the location of jet base, Γ 0 is the jet initial Lorentz factor, and a SB is the radiation constant. The temperature have value
which means that nuclei can be photodisintegrated into free nucleons by photons at the high-energy tail [19] . The optical depth of nuclei at the jet base can be estimated using the giantdipole resonance (GDR) approximation. In this work, we consider both the optical depth τ Aγ ≈ n(ε)σ Aγ r 0 /Γ 0 and effective optical depth f Aγ ≈ n(ε)σ Aγ κ Aγ r 0 /Γ 0 where n(ε) is the photon number density related to the GDR process, σ Aγ is the GDR cross section, and κ Aγ is the inelasticity [30] . The optical depth, τ Aγ , represents the interaction rate of nuclei with target photons, while the effective optical depth, f Aγ , indicates the energy loss efficiency of the nuclei. These two values are different, since the energy change rate in each interaction can be small. We estimate the values of f Aγ (upper panel) and τ Aγ (lower panel) as functions of the location of jet base r 0 and initial radiation luminosity L rad,0 , as have been shown in Fig. 6 . We can see that nuclei are more easier to survive in the upper left region where the initial radiation luminosity L rad,0 is lower and the jet base is further from the black hole. A reasonable assumption of the location of jet base is that it has a similar scale as the critical radius of disk formation, r c ∼ 10 9 cm. Thus, it is reasonable to ignore the photodisintegration of nuclei during the initial loading at the jet base for LL GRBs.
D. Hypernova ejecta composition
Motivated by the connection between hypernova and LL GRBs, we also consider the hypernova ejecta composition where the heavy nuclei component are synthesized during the expansion of the semi-relativistic ejecta. This is possible if the ejecta is launched a bit earlier than the jet and the synthesized material is entrained onto the jet The final mass is 11.54M considering a fraction of 0.1Ṁ of the standard WR mass-loss rate and the Fe core has an angular momentum at core collapse JFe core = 150×10 47 erg s considering the effect of magnetic torques [71] .
later. The ejecta may be the wind from accretion disk [61] or the shocked stellar material driven by the relativistic outflow [79] .
The optical counterpart of GRB 980425 is an energetic Type Ic supernova SN 1998bw which has a larger kinetic energy (∼ 10 52 erg) compared to usual supernovae. In this work, we adopt the yields of hypernova ejecta model CO138E50 calculated by Ref. [80] , which can reproduce the early light curve of SN 1998bw. We show the synthesized nuclear mass fraction in Table I . Compared to the initial loading scenario, the hypernova ejecta model contains a large fraction of iron-group nuclei with X Fe 0.09. 
III. THE ORIGIN OF UHECR NUCLEI IN LL GRBS
A. Acceleration and survival
It has been suggested that nuclei in the relativistic outflow can be accelerated to ultrahigh energies in the dissipation region of GRBs where the internal and/or external shock taking place [42, 43] . The relevant acceleration mechanism is diffusive shock acceleration (or Fermi acceleration) [81] [82] [83] , and the first-order Fermi acceleration mechanism is wildly used where nuclei acquire energy when bouncing back and forth around the shock front. We rely on the results of the test-particle approximation, where the shock structure is unaffected by the accelerated particles. The acceleration time scale can be estimated as t acc = ηr L /c, where r L = E A /ZeB is the Larmor radius for particles of energy E A and charge Z, and B is the magnetic field strength measured in the jet comoving frame. The parameter η represents the acceleration efficiency whose typical value is η > 1 [44] . The internal shock model is one of the most popular models to explain the prompt emissions of GRBs. In this model, the faster moving ejecta catches the slower ones and produce a shock wave [36, 84] . The radius of shock production can be estimated using time variability R 2Γ 2 δt c 1.
(δt/200 s) cm, where δt is the variability time scale [17] . The comoving magnetic field strength in the internal shock region can be estimated to be B 220 ξ 1 G assuming that a fraction of the outflow kinetic energy is converted into the magnetic energy. The observed maximum acceleration energy can be estimated under the condition t acc ≤ t dyn where t acc is the acceleration time scale and t dyn ≡ R/Γβc is the dynamical time scale, and we have E A,dyn = Γη comoving size l esc ≈ x esc (R/Γ), we have E A,esc 10
. Now, following Ref. [17] , let us assess the survivability of the UHECR nuclei in the internal shock region. We model the GRBs prompt emission as a broken power-law
where ≈ L γiso /5 is the photon luminosity at the break energy ε b and ε min = 1 eV, ε max = 10 MeV [17, 19] . Similar to the discussion in Sec. II C, we consider two kinds of time scales: the interaction time scale which is related to the optical depth τ Aγ ≡ t dyn ; see the details in Refs. [17, 30] . We estimate the value of f Aγ (upper panel) and τ Aγ (lower panel) as functions of the kinetic energy and Lorentz factor of the relativistic outflow. In Fig. 7 , we can see that nuclei are easier to survive for dimmer GRBs.
The luminosity function of both LL GRBs and HL GRBs can be described using the following formula [39] ,
where A 0 is the normalization parameter, as have been shown in Fig. 8 . The LL GRBs are defined to have isotropic radiation luminosity L γiso ≤ 10 49 erg s −1 , where nuclei can survive. With this luminosity function, the contribution from LL GRBs is more important in the local universe. Note that the durations of GRB 060218 and GRB 100316D were ∼ 10 3 − 10 4 s, which is about 100 times longer than the typical duration of HL GRBs, ∼ 10 − 100 s. Although the LL GRB rate is highly uncertain, such a setup may be justified if the LL GRB outflows are more contaminated by baryons (i.e. if they originate from a so-called dirty fireball). In this work, we mainly focus on the connection between LL GRBs and UHECR nuclei.
Although the LL GRB contribution is more important in our setup, it is possible to discuss the HL GRB contribution. The HL GRBs have higher luminosities, shorter variability times, and higher Lorentz factors. In the context of the Auger data, the survivability of heavy nuclei was first studied by Refs. [17, 18] . For the fiducial Lorentz factor, Γ ∼ 300, the nuclei are completely destroyed for internal shock radii of 10 14 cm. For the fiducial luminosity of L γiso ∼ 10 52 erg s −1 , the nucleussurvival is shown to be possible only at sufficiently large radii of ∼ 10 15 cm, and the photodisintegration occurs in the partial survival regime, i.e. τ Aγ 1 f Aγ . Such special cases are studied in Refs. [21, 22] , but parameters need to be tuned to fit the UHECR spectrum and composition. This is especially case if the luminosity function and/or multizone effect are considered. At large emission radii allowing the nucleus survival, the internal shock model suffers from an issue in explaining the peak energy by synchrotron emission. Magnetic fields may be too weak to be consistent with the synchrotron peak energy, so that the number of accelerated electrons needs to be small enough to boost the electron injection Lorentz factor (e.g., [86] ). Later, we discuss the effect of the HL contribution assuming the proton composition. This corresponds to the assumption that the nuclei are completely destroyed somewhere.
B. Escape and injection spectrum
The accelerated nuclei usually follow a power-law distribution with a spectral index, s acc ∼ 2.0 − 2.2, as a prediction of the diffusive shock acceleration mechanism (e.g., [87] [88] [89] Constraints on the isotropic equivalent radiation luminosity Lγiso and Lorentz factor Γ for nuclei with various chemical species with energy EA = 10 20 eV to survive in the internal shock region. The upper panel corresponds to the energy loss time scales and the lower panel corresponds to the interaction time scales. We assume the radius where internal shock taking place is R 1.2 × 10 15 cm and the break energy of prompt emission is ε b = 500 eV in the jet comving frame.
of UHECR nuclei ejected from GRBs does not need to be equal to the acceleration spectrum (see, e.g., [30] for the case of tidal disruption events). In fact, a harder injection spectrum is achieved if we take into account escape processes, such as the simple direct escape model from the emission region (that is mainly the downstream) [22, 30, 90, 91] and the neutron escape model (e.g., [92, 93] ). Here we consider the diffusive shock acceleration, in which particle escape from the escape boundary in the upstream has been theoretically calculated and it has been applied to supernova remnants and radio galaxies [85, [94] [95] [96] [97] . In the escape-limited model, only cosmic rays whose energy is close to the maximum acceleration energy can escape from the sources, and the spectrum of escaping particles at given time is essentially approximated by a delta function. In this work, for sim- plicity, we extrapolate the results of the non-relativistic diffusive shock acceleration theory, where we use the following expression for the spectrum of escaping cosmic rays with s acc = 2 as the injection spectrum of UHECRs,
where f A is the number fraction of nuclei with mass number A , N 0 is the normalization parameter which depends on the radiation luminosity and ZE p,max is the CR maximum acceleration energy. Note that the instantaneous spectrum of CRs escaping from the sources does not have to be a power-law function that is used in most of the previous works. However, for the completeness, we also considered cases with power-law spectra, and we find that the Auger data can also be well fitted by a hard power-law spectral index. See the next section for details. Note that in this work we do not specify the UHECR acceleration site, which can be internal shocks or an external (reverse) shock. The external shock model naturally provides an interesting possibility to explain the PeV neutrino flux simultaneously.
IV. PROPAGATION AND RESULTS

A. Propagation
We numerically propagate UHECR nuclei using the publicly available Monte Carlo code CRPropa 3 [57] . CRPropa is one of the state-of-the-art numerical simulation frameworks that enable us to propagate UHECR nuclei in the intergalactic space taking into account various energy loss processes, such as the photomeson production process for protons and neutrons, the photodisintegration process for heavy nuclei, the Bethe-Heitler process which can be treated as continuous energy loss process, and adiabatic energy losses due to the expansion of the universe [98] . The background photons are mainly composed of the CMB and extragalactic background light (EBL) photons, and the latter is important for the photodisintegration process of UHECR nuclei in the lower energy range. In this work, we adopt a semi-analytic EBL model by Ref. [99] .
The observed flux of UHECR nuclei with A at Earth can be calculated using the following formula,
where F GRB (z) is the redshift distribution parameter of long GRBs which trace the star formation history (SFH) [41] , ρ 0 is the local event rate of GRBs, dρ 0 /dL is the GRB luminosity function in the local universe [39] , and η AA (E, E , z) is the fraction of generated cosmic rays of mass A and energy E from parent particles of mass A and energy E [30] . The minimum redshift of the sources is set to z min = 0.00055 (i.e. d = 2.4 Mpc), which is slightly smaller than that of the nearest starburst galaxy (SBG), NGC 253. But the results are not affected even if the minimum distance is set to that to another SBG, M82. As described in Section III, the maximum energy and nucleus survival are evaluated following the procedure used in Refs. [17, 19] . Then, as well as the photodisintegration cross section data, we use the same method as in Ref. [30] to calculate the final spectrum and the distribution of X max and σ(X max ) [7] . For the fitting purpose, we fix the nuclear maximum acceleration energy to be ZE p,max = 10 18.2 ZL γiso,47 1/2 eV as a simplified method. We show the best-fit result of the χ 2 analysis, considering the effect of the systematic uncertainty on the measured CR energy scale σ E = 14% [10] , and using δ E as a free parameter to account for such uncertainty which is defined as E = E Auger (1 + δ E ) [91] .
B. Results
We show the final spectrum and the distribution of X max and σ(X max ) for each model in Fig. 9-14 . For the Si-free models (Si-F 1 and Si-F 2), we find that it is difficult to fit the UHECRs spectrum measured by Auger. See Figs. 9-10 . On the other hand, the Si-free models match X max very well and roughly fit σ(X max ) due to the large error bars. The dominant composition of the Si-free models is oxygen nuclei, corresponding to progenitors with lower angular momenta in their inner The blue data points are taken from Auger [10] and we also show the magenta data points measured by TA for comparison [11] . The maximum acceleration energy is ZE p,max = 10 18.2 ZLγiso,47 1/2 eV and δE = −0.14.
core. It is not helpful to improve the fitting via increasing the maximum acceleration energy of oxygen nuclei, since higher maximum energies lead to too many light composition secondaries due to the shorter attenuation length of oxygen nuclei with ∼ 30 Mpc. The Si-rich models (Si-R 1, Si-R 2, Si-R 3) can account for both the spectrum and the distribution of X max and σ(X max ) measured by Auger. See Figs. 11-13 . Compared to the Si-free models, the Si-rich models have a larger fraction of silicon nuclei (∼ 0.3), as shown in Table I . The Si-rich models can be achieved when the progenitors have larger angular momenta in their inner cores, where a significant fraction of the silicon layer material forms the accretion disk.
Also, we find that the hypernova ejecta composition model can roughly fit the Auger data. See Fig. 14 . Compared to the Si-free models and Si-rich models, the hy- pernova ejecta contains a large fraction of nickel or iron nuclei. The iron component becomes important at the highest-energy part of the UHECRs spectrum, where the composition is unknown.
In the lower panel of Fig. 9-14 , we can see that X max and σ(X max ) changes to a lighter composition at the highest energies. We find that protons and light nuclei at these energies are mainly produced as secondaries due to the photodisintegration of heavy nuclei that originate from the nearest sources which are located within sev- eral megaparsecs around Earth. Thus, this feature will disappear for rare sources, which imply that the minimum distance is large. (See Refs. [17, 100, 101] for discussions about the source density of transients including LL GRBs.) The UHECR nuclei at the highest energies mainly come from LL GRBs with luminosity ∼ 10 49 erg s −1 , and the energy dependence of the photodisintegration cross section used in CRPropa 3 also appears.
The required UHECR luminosity density, Q UHECR , for the five models are in the range of (2 − 4) × 10 44 erg Mpc −3 yr −1 , as shown in Table II . It can be approximated by Q UHECR = ξ CResc E γiso ρ LL 0 , where ξ CResc is the CR loading factor defined for escaping CRs. We find ξ CResc has a value in the range of ∼ (10−20) E γiso,50 , assuming the local event rate of LL GRBs to be ρ LL 0 ∼ 200 Gpc −3 yr −1 as suggested by Ref. [41] . Note that the derived ξ CResc is only the lower limit since most of cosmic rays are confined in the sources, and the CR loading factor defined for the total energy of accelerated CRs [102] is larger. For a s acc = 2 spectrum of accelerated cosmic rays, this implies ξ CRacc ∼ 100 − 200, which is consistent with the previous work [17] .
C. Discussion
To discuss effects of different possibilities of particle escape, we also consider a power-law spectrum of escaping cosmic rays, which is given by
where s esc is the spectral index of the escaping cosmic rays and E 0 = 10 18 eV is used in this work. However, the spectrum of escaping UHECRs depends on details of the escape mechanism. To demonstrate that our model can work for power-law spectra, we consider the case of s esc = 0.5. This could be achieved if the spectrum of accelerated cosmic rays is s acc = 1.5, which is expected by the first order Fermi acceleration mechanism in the large angle scattering limit (e.g., [103] ) or by magnetic reconnections (e.g., [104] ). See Fig. 15 .
So far, we only showed the LL GRB contribution. For the purpose of demonstrating the HL GRB contribution, in Fig. 16 , we show the case with the HL GRB contribution assuming the proton composition for the HL GRBs and the LL GRB duration 200 times longer than the HL GRB duration. The main results are unaffected with the luminosity function used in this work. If the composition for the HL GRBs is proton-dominated, the model predicts that the composition changes at the highest energies, ∼ 10 20.2 eV. For a given ratio of LL GRBs to HL GRBs, the HL GRB contribution shown here may be optimistic. In reality, for HL GRBs, the maximum energy of protons would be reduced by energy loss processes. Also, if the jet composition is dominated by nuclei, the maximum energy of UHECR nuclei can be lower due to the photodisintegration process. Note that for HL GRBs nuclei are likely to be destroyed at the jet base in the fireball model, so magnetically dominated jets seem necessary to have a large fraction of nuclei in the jet. The case where UHECR nuclei dominantly come from HL GRBs, was considered by Refs. [17, 18] and later by Refs. [21, 22] . Our LL GRB model can overcome several caveats in the HL GRB model, which are discussed in Section III. 
V. CONNECTION TO THE ICECUBE NEUTRINOS
Murase et al. [44] suggested that LL GRBs can be the dominant sources of IceCube's neutrinos (see also [105, 106] ). Interestingly, one of the predictions for a low Lorentz factor of Γ = 5 is compatible with the IceCube data above ∼ 0.1 PeV [54] , and the medium-energy neutrinos could be explained by their choked jet contribution that can be more abundant [54] . The diffuse neutrino flux from high-energy nuclei can be estimated using the simple analytic formula [35] ,
where the factor ξ z includes the contribution from highredshift sources and f sup taking into account the possible effect due to meson and muon cooling. High-energy neutrinos from LL GRBs can be produced by the photomeson production by nuclei (with the effective optical depth f mes ) and by secondary nucleons (with the effective optical depth f Aγ (E A /A)) [17] , and we have used a rough relationship f pγ ∼ f mes considering that the photomeson production cross section is roughly proportional to A. We can see that it is possible for the observed LL GRBs to account for the diffuse neutrino flux observed by IceCube, ∼ 3 × 10 −8 GeV cm
Note that f pγ ∼ 1 implies that nuclei are destroyed and the resulting neutrino flux violates the nucleus-survival bound [35] . This implies that the diffuse UHECR flux and neutrino flux can be explained by LL GRBs in the multizone model, where neutrinos come from inner radii such as the photospheric radius and UHECRs originate from outer radii such as the external reverse shock radius [107, 108] .
We also predict the flux of cosmogenic neutrinos which are produced during the propagation of UHECR nuclei in the intergalactic space due to the interaction with CMB and EBL photons. The cosmogenic neutrino flux is estimated to be E 2 ν Φ(E ν ) ∼ 10 −10 GeV cm −2 s −1 sr −1 . Note that this flux of the cosmogenic neutrinos is nearly one or two orders lower than the prediction of the proton dominated scenario (e.g., [109] [110] [111] [112] ), so the detection would require ultimate neutrino detectors such as GRAND [113] . On the other hand, the possible contribution from HL GRBs may enhance the cosmogenic neutrino flux if their composition is dominated by protons, in which the neutrino signals may be detected by future neutrino detectors such as ARA [114] and ARI-ANNA [115] .
VI. SUMMARY
In this work, we revisited the UHECR-LL-GRB hypothesis in the case that UHECRs are dominated by intermediate and heavy nuclei. Focusing on LL GRBs, we demonstrated that they can be the promising candidate sources of the UHECR nuclei observed by Auger.
First, we give new predictions based on the intrajet nuclear composition in LL GRBs for different progenitor models under the "one-time" injection scenario. In this scenario, the nuclear component in the jet comes from the newly formed accretion disk that is composed of stellar material. The models for the jet nuclear composition can be divided into two groups according to the mass fraction of silicon nuclei, the Si-free models (Si-F 1 (HE 16F), Si-F 2 (16TI)) and the Si-rich models (Si-R 1 (12TJ), Si-R 2 (16TJ) and Si-R 3 (35OC)). See Table. I. Assuming that the jet base is located at a distance similar to that of the critical radius for disk formation, we confirmed that it is possible for nuclei to survive during the initial loading phase in LL GRBs. Motivated by the connection between LL GRBs and broadline Type Ibc supernovae, we also consider the hypernova ejecta composition which contains a significant fraction of iron nuclei. The detailed physical processes of how nuclei are picked up by the jet are still unclear, which are left as future work.
Then, we discussed the fate of nuclei at the jet base and in the dissipation region (where internal shocks can occur). Our calculations showed that UHECR nuclei easily survive in LL GRBs, while they can be much more easily destroyed into free nucleons in HL GRBs. In this work, as a model of the injection spectrum of UHECRs, we adopt the nearly monoenergetic spectrum that is motivated by the escape-limited acceleration model. In this scenario, only cosmic rays around the maximum energy can escape efficiently and the injection spectrum does not have to follow a widely used power-law form. Using the procedure similar to that used in Refs. [17, 19, 30] , our work confirmed and largely expanded the results obtained by Refs. [17, 19] , which is also different from the previous works focusing on HL GRBs [21, 22] . We also considered a conventional power-law form, and the Auger spectrum and composition data can be fitted by a hard spectrum with s acc 1.5.
We numerically calculate the intergalactic propagation of UHECRs injected by GRB jets. We found that the Sirich models or hypernova model can nicely account for the Auger data, while it is difficult for the Si-free models to fit the UHECR spectrum. Our results are consistent with the work in Ref. [116, 117] , who suggests that the Auger data can be fitted with sources containing Silicon nuclei. The next-generation detector Auger Prime aims to make more accurate measurements of the UHECR composition [118] , which is essential to test our model. We also discussed the effect of the contribution from HL GRBs assuming the proton composition. While the contribution from HL GRBs does not have to affect the results especially for the steeper luminosity function, the composition change is expected at the highest energies. Another prediction of the two population models by HL GRBs and LL GRBs is the transition of the effective number density of the UHECR sources [100, 101] .
Recently, the Pierre Auger Collaboration reported an intriguing indication of the cross correlation between the arrival directions of UHECRs and the catalogues of candidate UHECR sources, where the strongest evidence comes from the correlation with SBGs which has a 4.0σ statistical significance [119] . The host galaxies of HL GRBs are typically low-luminosity blue galaxies, where the blue color implies a high star-formation activity. On the other hand, typical nearby SBGs generally belong to normal or high luminosity star-forming galaxies, although high-redshift SBGs may have lower luminosities. At present, types of host galaxies of LL GRBs are uncertain since only a handful LL GRBs have been observed [39] [40] [41] . However, since their progenitors are massive stars and their environmental metallicity does not have to be as low as that of HL GRBs, it is possible that LL GRBs and accompanied hypernovae are preferentially hosted by SBGs. The energy loss length of silicon nuclei at ∼ 10 20 eV is about 100 Mpc. The star-formation rate of nearby 20 SBGs within 50 Mpc is ∼ 10% of the corresponding total star-formation rate, and the ratio becomes ∼ 3% for star-forming galaxies within 100 Mpc. Thus, assuming that the UHECR energy generation rate simply traces the star-formation rate [37, 120] , the contribution from the nearest SBGs is ∼ 3 − 10% of the total UHECR flux. Intriguingly, within an order of the magnitude, this is consistent with the result in Ref. [119] , where the bestfit result suggests that ∼ 10% of the observed UHECRs come from the nearby catalogued 23 SBGs. In this sense, our model gives one of the viable explanations why the observed UHECRs are correlated with the SBGs.
